Bacterial levansucrase is an extracellular protein found in gram-negative and gram-positive bacteria. This protein catalyzes the synthesis of levan (␤-2,6-linked fructan) from sucrose (7) . Bacterial levansucrases catalyze at least three different reactions: hydrolysis of sucrose, polymerization of fructose derived from sucrose, and hydrolysis of levan. Disruption of the gene encoding levansucrase of the fireblight pathogen Erwinia amylovora retards the development of necrotic symptoms in inoculated pear seedlings, suggesting that the enzyme participates in phytopathogenesis (14) . This enzyme is also involved in the sucrose metabolism of Acetobacter diazotrophicus, in which disruption of the gene resulted in a mutant lacking the ability to utilize sucrose as a carbon source (1) .
In Bacillus subtilis, the sacB gene encodes levansucrase, and expression of this gene is induced by sucrose (29) . Sucrose induction involves an antitermination mechanism employing an antiterminator (sacY or sacS), which prevents early termination at a rho-independent terminator located upstream of sacB (8) . Sucrose modulates SacY activity through a regulatory cascade involving a phosphotransferase system and SacX, an inhibitor of SacY (31) . Kunst and Rapoport reported that sacB expression was also stimulated by salt (20) . The salt stimulus was transmitted via the DegS-DegU two-component system that has a pleiotropic regulatory role (20) , in which DegU activates transcription of sacB directly or indirectly through SacX-SacY (9) .
Recently, we cloned and characterized a levansucrase gene, lsrA, from Rahnella aquatilis (27) , a gram-negative enteric bacterium found in drinking water, river water, and plants and also in human clinical specimens (3) . The lsrA gene was expressed well in Escherichia coli from its natural promoter upstream of the gene. The level of gene expression correlated with the degree of upstream DNA present in the cloned fragment. The lsrA gene was expressed at low levels in the early phase of cell growth but was stimulated significantly upon entry into the late part of the growth phase, a phenomenon that seemed to be caused by upstream DNA sequences. Based on these findings, we investigated the molecular basis for the growth phase-dependent expression of the gene and the role of the upstream region in regulation.
MATERIALS AND METHODS
Strains, plasmids, and media. R. aquatilis ATCC 33071 was grown in LuriaBertani (LB) broth at 30°C. The E. coli strains and plasmids used in this work are listed in Table 1 . LB broth was used for growth of E. coli cells. An LB agar plate supplemented with 10% (wt/vol) sucrose was used for identification of the levansucrase phenotype. Antibiotics were used at the following concentrations: ampicillin,100 g/ml; chloramphenicol, 50 g/ml; and tetracycline, 20 g/ml.
DNA manipulation and reagents. DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, ligation, and transformation were all performed as described previously (16, 25) . Unless otherwise specified, chemicals were purchased from Sigma. [␥-
32 P]ATP (Ͼ5,000 Ci/mmol) was obtained from Amersham. Restriction enzymes, calf intestinal alkaline phosphatase, the Klenow fragment, T4 polynucleotide kinase, T4 DNA ligase, Taq DNA polymerase, and a deoxynucleoside triphosphate mixture were obtained from Boehringer Mannheim or Takara. Oligonucleotide primers were synthesized by Takara.
Construction of lsrA subclones with various lengths of upstream sequences. A number of deletion subclones of the upstream region of the lsrA gene, including subclones Ϫ1146, Ϫ798, Ϫ419, Ϫ274, and Ϫ204, were derived from pRL1CPR by unidirectional deletion with an Exo mung bean deletion kit (Stratagene). pRL1CPR was digested with XbaI, treated with the Klenow fragment to fill in 5Ј residues of the XbaI site with thiodeoxynucleoside triphosphates to block exonuclease III digestion, and digested with EcoRV. The double-digested DNA was treated with exonuclease III and mung bean nuclease to create nested deletions. The resulting plasmids were recircularized and transformed into E. coli DH5␣. Plasmids isolated from transformants were sequenced, and a collection of upstream deletion mutations was identified.
Subsequent deletion of the lsrR region to prepare subclones Ϫ175, Ϫ146, Ϫ119, and Ϫ55 was performed by using the PCR method with sets of oligonucleotide primers. In all cases, the downstream primer, 3Ј-CGAAGCGTTACTG TCGAC-5Ј, which included an SalI site, was used. The following upstream primers, which included an XbaI site, were used: 5Ј-TCTAGAACCGGTAGAG GATA-3Ј for Ϫ175, 5Ј-TCTAGACTGACGATGAT-3Ј for Ϫ146, 5Ј-TCTAGA CTGACGATGAT-3Ј for Ϫ119, and 5Ј-TCTAGAACTGAGTGCATG-3Ј for Ϫ55. PCRs were carried out by using Taq DNA polymerase with pRL1CPR as the template. After an initial denaturation step of 10 min at 94°C, amplification was performed by using 30 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and extension at 72°C for 2 min. The products were gel purified, digested with XbaI and SalI, and ligated to pBluescript II KSϩ. A deletion derivative, Ϫ(65-55), was prepared by ligation of f118R (see Fig. 5 ) and Ϫ55 at the blunted XbaI site.
Expression of lsrA. E. coli subclones carrying the lsrA gene were grown in 500-ml baffled flasks containing 100-ml portions of LB media supplemented with the appropriate antibiotics at 37°C with shaking at 100 rpm. Growth of the cells was monitored by determining the A 600 , and cells were harvested at the following stages of cell growth: early exponential phase (A 600 , 1), mid-exponential phase (A 600 , 2), late exponential phase (A 600 , 3.5), and early stationary phase (A 600 , 4.5). The harvested cells were used for further analysis as described below.
RNA isolation and Northern blot analysis. Total RNA was isolated by using the hot phenol extraction procedure (25) . E. coli cells harboring pRL1CPR or pNd137 prepared as described above were disrupted by vortexing with glass beads. After centrifugation to remove the cell debris, the supernatant was extracted three times with equal volumes of phenol-chloroform (5:1, vol/vol). The RNAs were ethanol precipitated, washed with 70% ethanol, dried, dissolved in diethyl pyrocarbonate-treated water, quantified on the basis of A 260 , and analyzed by Northern hybridization. The RNA samples (10 g) were separated by electrophoresis at 50 V on a 1% agarose gel poured in 1.1 M formaldehyde-10 mM NaPO 4 (pH 7.4) and were transferred to a nylon membrane (Nytran; Schleicher & Schuell) by the capillary method (25) . The membrane was hybridized to a 1.13-kb PmaCI-AflII internal fragment of lsrA labeled with digoxigenin (Boehringer Mannheim) at 50°C for 24 h. Hybridization was carried out in a solution containing 50% formamide, 1ϫ Denhardt's solution, 100 g of carrier per ml, 0.1% sodium dodecyl sulfate (SDS), and 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). After hybridization, the membrane was washed twice (10 min each) with 2ϫ SSC-0.1% SDS and then with 0.1ϫ SSC-0.1% SDS as described above. The hybridized RNA blots were developed as recommended by the manufacturer.
Primer extension analysis. An oligonucleotide complementary to nucleotides 37 to 60 relative to the translation start codon of lsrA (5Ј-GTTGACCTTCAGC GAATCAGCACG-3Ј) was used as a primer to map the 5Ј termini of the lsrA transcript. Twenty picomoles of ␥-32 P-labeled primer was mixed with 5 g of RNA. The mixture was heated at 58°C and cooled on ice. The annealed primers were extended with avian myeloblastosis virus reverse transcriptase (Promega Corp.) at 42°C for 30 min. The primer extension products were electrophoresed on a 6% sequencing gel along with lsrA sequencing reaction mixtures (Sequenase; United States Biochemical) by using pRL1CPR as the template and the same oligonucleotide as the primer. Enzyme activity assay. The activity of levansucrase was assayed by the method of O'Mullan et al. (24) . A cell-free lysate was mixed with 50 mM sodium acetate (pH 6.0)-1% sucrose in a final volume of 1 ml, and the mixture was incubated at 37°C for 1 h. The concentration of glucose released by the sucrose hydrolysis activity of levansucrase was measured by the glucose oxidase method with a GOD-PAP kit (Sigma). All the results presented below were obtained from at least three independent experiments. Representative values are shown. One unit of enzyme activity was defined as the amount of enzyme that produced 1 mol of glucose per min, and specific activity was expressed in units per milligram of protein. The amount of protein was determined with a protein assay kit (BioRad) by using bovine serum albumin as the standard (Sigma).
Nucleotide sequence analysis. Nucleotide sequencing was performed by the dideoxy chain termination method (26) . The reaction was carried out with an ABI Prism dye terminator cycle sequencing Ready Reaction kit (Perkin-Elmer), and the mixture was analyzed with an automatic DNA sequencer (model 373A; Applied Biosystems).
Nucleotide sequence accession number. The DNA sequence upstream of the lsrA gene, including the lsrS gene and the lsrR region, has been deposited in the GenBank nucleotide sequence database under accession number U91484.
RESULTS
Growth phase-dependent expression of the lsrA gene in E. coli. To investigate the regulatory mechanism for the expression of the R. aquatilis lsrA gene in E. coli, Northern blot analysis was performed with total RNAs prepared at various stages of growth of E. coli DH5␣ harboring recombinant plasmid pRL1CPR, which contains the lsrA gene with 1.3 kb of upstream sequence. As shown in Fig. 1, 1 .3-kb transcripts corresponding to the lsrA gene were detected by using a 1.13-kb PmaCI-AflII DNA fragment of the lsrA gene as the probe. Specific transcripts were barely detectable in the early phase of cell growth, but the level increased dramatically upon entrance into the late phase. However, when a similar Northern analysis was performed with RNA prepared from an E. coli strain harboring pNd137, which contains the lsrA gene with a 0.1-kb upstream sequence, the amount of lsrA transcripts increased in a linear fashion with cell growth (Fig. 1) . These results imply that regulation of lsrA gene expression in E. coli occurs at the (23) . In order to examine whether the stationary-phase-specific transcription of the lsrA gene was dependent upon S , expression of the lsrA gene from plasmids pRL1CPR and pNd137 in E. coli W3110 and isogenic rpoS mutant strain CP1005 (rpoS::Tn10) was analyzed by measuring levansucrase activity. The lsrA gene from pRL1CPR was expressed in a growth phase-dependent manner in both W3110 and CP1005 (Fig. 2) , eliminating the possibility that RpoS mediates regulation of lsrA gene expression.
Identification of transcription initiation site of the lsrA gene. To characterize the regulatory element(s) responsible for growth phase-dependent expression of the lsrA gene in E. coli, we first determined the transcription initiation site of the lsrA gene by primer extension analysis. RNA samples from latestage cultures of E. coli harboring pRL1CPR or pNd137 were analyzed by using a primer designed to span the nucleotide sequence of the lsrA coding region. The results obtained indicate that lsrA transcription initiates 51 bp upstream of the coding region of lsrA (Fig. 3) . Moreover, transcription starts at the same site regardless of growth phase-dependent or -independent expression, since pRL1CPR and pNd137 produced transcripts starting at the same site. Close inspection of the nucleotide sequences upstream of the transcription initiation site revealed potential Ϫ35 (CTGAGT) and Ϫ10 sequences (TGTAAC) of prokaryotic vegetative promoters (see Fig. 5 ).
Regulation of lsrA gene expression by two opposite regulatory functions from the upstream region. In order to search for a regulatory element(s) involved in the growth phase-dependent expression of lsrA, various subclones with shortened upstream sequences of the lsrA gene were constructed (Fig. 4A) . The expression profiles of the lsrA gene from the subclones were examined (Fig. 4B) by measuring levansucrase activity. Growth phase-dependent regulation of gene expression was maintained until the upstream extension was shortened to 798 bp upstream of the transcription initiation site. Further deletion of another 56 bp (subclone Ϫ742) eliminated the stationary-phase-specific stimulation of lsrA expression. This strongly indicated that the nucleotide sequences in this 56-bp region were important for the growth phase-dependent increase in lsrA expression in the late phase of cell growth. In addition, the lower levels of both early-and late-phase expression of the Ϫ742 construct compared to the levels expressed from pNd137 suggested that there is an additional negative regulatory function. The nucleotide sequences required for the negative regulation were located within 257 bp (subclone Ϫ204) upstream of the lsrA gene (Fig. 4B) , and this region was designated lsrR (Fig. 5) .
Identification of the lsrS gene encoding a protein homolo-
Northern blot analysis of the lsrA transcript. The lanes contained 10 g of RNA from E. coli DH5␣ harboring pRL1CPR or pNd137 harvested at various growth stages. A digoxigenin-labeled internal PmaCI-AflII DNA fragment of the lsrA gene was used as the probe. The position of hybridizing RNAs (ϳ1.3 kb) is indicated by an arrow.
FIG. 2. Expression profiles of the lsrA gene in E. coli W3110 (A) and CP1005 (rpoS::Tn10) (B)
. The strains harboring pRL1CPR (squares) or pNd137 (circles) were cultured in LB medium supplemented with ampicillin (100 g/ml) and tetracycline (20 g/ml) at 37°C with shaking at 100 rpm. At intervals, the A 600 (solid symbols) and the enzyme activity (open symbols) were measured. gous to Ogr, a late gene activator of bacteriophage P2. Sequence analysis revealed two open reading frames (ORFs) that overlapped the 56-bp region necessary for positive regulation (Fig. 5) . ORF1 (Ϫ906 to Ϫ727 bp) encodes a protein consisting of 59 amino acid residues, and ORF2 (Ϫ591 to Ϫ803 bp) encodes a protein consisting of 70 amino acid residues. According to the deletion analysis, ORF2 is likely to be involved in the positive regulation of lsrA expression (Fig. 4) . Neither the basal activity nor the induced activity was affected by the truncation at Ϫ798, where sequences encoding the C-terminal 23 amino acid residues of the ORF1 product were deleted, whereas the late-phase activation was completely eliminated by truncation at Ϫ742, where sequences encoding the N-terminal 20 amino acids of the ORF2 product were deleted. This finding was supported by multiple alignments of the deduced amino acid sequences of the ORF products obtained by using the BLAST program. The deduced amino acid sequence of the ORF1 product did not show homology to proteins reported previously. In contrast, the deduced amino acid sequence of the product of ORF2 (designated lsrS) showed a high level of similarity to the bacteriophage P2 Ogr family of transcriptional activators, such as the Ogr protein of phage P2 and E. coli K-12 cryptic phage (44%), the B protein of phage 186 (50%), the ␦ protein of phages P4 and R73 (53%), and the NucC and RecC proteins of Serratia marcescens (48%) (Fig. 6) (5, 10, 17, 19, 22, 28, 30, 32) . P2 Ogr is a zinc-binding protein, and four cysteine residues (C-X 2 -C-X 22 -C-X 4 -C) play a role in the binding process (21) . As shown in Fig. 6 , this feature is also well conserved in the deduced amino acid sequences of the lsrS gene product. It is also noteworthy that N-terminal residues are more closely conserved in these proteins. In fact, it has been reported that deletion of the C-terminal 21 amino acid residues did not alter the activity of the P2 Ogr protein, suggesting the importance of N-terminal residues for activity (11) .
Further functional analysis of the LsrS protein was carried out as follows. A 0.6-kb NheI fragment including the lsrS gene (Fig. 5) was blunted with the Klenow fragment and ligated into the EcoRV site of pACYC184, resulting in pACNR(lsrS). This plasmid was cotransformed into E. coli with one of various subclones containing the lsrA gene with different lengths of upstream sequence and was assayed for levansucrase activity. Cotransformation with pACNR(lsrS) restored the growth phase-dependent expression of lsrA from subclones Ϫ742, Ϫ419, Ϫ274, and Ϫ204 (Fig. 7) , confirming that LsrS is responsible for the stationary-phase induction of lsrA. The activation effect of the LsrS protein was more striking in the Ϫ86 subclone, which lacked sequences responsible for repression. lsrA expression was increased approximately 30-fold by introduction of pACNR(lsrS) in a growth phase-independent fashion (Fig. 7) .
Analysis of lsrR region. To further characterize the lsrR region, the DNA sequences around this region were deleted by using the PCR method with synthetic oligonucleotides to obtain constructs with end points (Fig. 8A) at Ϫ175, Ϫ146, Ϫ119, and Ϫ55, as well as a construct containing 204 bp with a deletion from Ϫ67 to Ϫ55 (Fig. 8B) . (Fig. 8B) . However, lsrA expression could be still induced by LsrS even when binding site I was destroyed by deletion of sequences between Ϫ67 and Ϫ55 (Fig. 8B) , suggesting that a second binding site exists. In fact, another putative LsrS binding site (binding site II), TGT-N10-ACA, was identified at Ϫ119 (Fig. 8A) . Deletion of binding site II also resulted in a decrease in activation by LsrS (Fig. 8B) , although the extent of the decrease was less than that resulting from deletion of binding site I, implying that binding site II also participates in LsrS-dependent activation.
(ii) Identification of two DNA regions necessary for repression. The absence of an ORF in the lsrR region suggested that these sequences function as a cis-acting regulatory element repressing lsrA expression during both the early and stationary phases of growth. When 29 bp between Ϫ204 and Ϫ175 was deleted, lsrA gene expression in the presence of LsrS was increased about 27-fold compared to that of the Ϫ204 subclone (Fig. 8B) . This region was designated R1. When nucleotide sequences spanning Ϫ67 to Ϫ55 were deleted from subclone Ϫ204, the lsrA expression in the presence of LsrS was approximately fivefold higher than that of the Ϫ204 subclone, sug- gesting that this 13-bp region, designated R2, has a regulatory role. It is interesting that there is an inverted repeat centered at Ϫ60, although its role has not been determined.
DISCUSSION
In this study, we identified regulatory elements which coordinate growth phase-dependent regulation of the recombinant lsrA gene of R. aquatilis in E. coli (Fig. 9) . The LsrS protein activated lsrA expression up to 20-fold during the late phase of cell growth. In addition, a cis-acting lsrR region was identified that represses expression of the lsrA gene 10-fold. Enzyme activity assays of subclones with various lengths of upstream sequences resulted in identification of at least two DNA regions (R1 and R2) responsible for repression (Fig. 8) .
The LsrS protein exhibits amino acid sequence homology with and shares properties with members of the phage P2 Ogr family of transcription activators. The phage proteins are known to activate transcription of phage late genes (13, 15) . Jin et al. (17) and Ferrer et al. (10) cloned and characterized cryptic prophage genes, including the P2 ogr homologs (nucC and recC) from S. marcescens. The gene products NucC and RecC are transcriptional activators of extracellular nuclease and bacteriocin 28b, respectively. Interestingly, this regulation is also subject to the cell growth phase (10, 17) . Julien and Calendar identified the binding sequence of the P4 ␦ protein, a member of the P2 Ogr family (18) . Based on nucleotide sequence homology with the well-characterized P2 Ogr binding site and deletion analysis (Fig. 8) , we identified two potential LsrS binding sites upstream of the lsrA promoter. The se-quence of binding site I, centered at Ϫ55, is an exact match with the consensus binding site sequence of the P2 Ogr family proteins. The P2 Ogr protein activates the transcription of the target gene through direct interaction with the ␣ subunit of the RNA polymerase complex (2, 12) . The proximity of binding site I to the promoter corresponds to the predicted model for action of the activators. Binding site II was found to be centered at Ϫ119, considerably upstream from the lsrA promoter, FIG. 5 . Nucleotide sequence of the upstream region of lsrA. All numbers shown in the nucleotide sequence are based on the transcription initiation site of lsrA (ϩ1). The arrows indicate 5Ј ends upstream of the lsrA gene in the deletion subclones (Fig. 4) . The deduced amino acid sequences of the products of two overlapping ORFs are shown below (ORF1; lowercase letters; Ϫ906 to Ϫ727 bp) and above (ORF2 or LsrS; uppercase letters; Ϫ591 to Ϫ803 bp) the nucleotide sequence. The NheI sites used in the construction of pACNR(lsrS) are indicated. The region enclosed in a box is the lsrR region. The potential promoter sequence of the lsrA gene is underlined. The potential binding site for LsrS is double underlined. For the nucleotide sequence of the lsrR and lsrA regions, the complementary strand is shown in lowercase letters. second binding site remote from the target promoter. Although the mechanism of action of the LsrS activator at the remote binding site is unknown, we suggest that looping or bending must occur to allow interaction between the activator and the RNA polymerase complex (6) . The late-phase-specific activation of lsrA expression by LsrS may be explained by a property of the P2 Ogr family activities (e.g., autoactivation) (4, 10, 17) . We have found a putative LsrS binding sequence upstream of the lsrS gene (TGTATCAGACAGTAAGTACA) (Fig. 5) . The presence of the lsrR region, in which two DNA regions (R1 at Ϫ204 to ϳϪ175 bp and R2 at Ϫ67 toϳϪ55 bp) have been defined, repressed expression of the lsrA gene in all phases of cell growth. Consistent with this result, a protein that interacted with R1 sequences was detected during all growth phases of R. aquatilis by an electrophoretic mobility shift assay (unpublished data), indicating that the R1 region might be an operator sequence for a repressor involved in the regulation of lsrA expression. Interestingly, an R1 binding protein was also detected with E. coli crude extracts. This probably explains why lsrA expression could be repressed by the presence of the R1 sequence in E. coli. Like the lsrA gene, the nucC and recC genes of S. marcescens are also negatively regulated via the SOS system (10, 17) .
Finally, we considered whether the lsrA gene was also subject to growth phase-dependent regulation in R. aquatilis. A modest increase in lsrA expression was detected upon entrance into the late phase of cell growth in R. aquatilis (data not shown). The increase was not as large as that observed in E. coli because of the high basal level of gene expression in wildtype R. aquatilis. However, the data obtained in this study of the regulation of R. aquatilis lsrA in E. coli could still provide some information concerning the gene regulation mechanism in R. aquatilis. Finally, we eliminated the possibility of involvement of the stationary-phase-specific sigma factor S , a sigma factor which regulates many cell growth phase-dependent bacterial genes (23) , in the regulation of lsrA (Fig. 2) . Thus, analysis of the regulation of the lsrA gene by coordination of two opposite regulatory functions could provide insights into a new growth phase-dependent gene regulation mechanism.
